Introduction
Of the Pacific salmon species, Chinook salmon (Oncorhynchus tshawytscha) is the largest and most highly valued in North America (Christensen et al., 2018; Ohlberger et al., 2018) . As a result, this species has historically been a focus for capture fishery production. Up until 1922, as many as 11 million kg of Chinook salmon were harvested annually before a decline in wild populations was noted. Unfortunately, native populations are in decline at such a rate that annual harvests are now approximately 2 million kg per year (Johnson et al., 2017) . This has resulted in Chinook salmon's addition to the threatened species list despite concerted efforts to replenish wild populations via hatchery bred stocks (Knudsen et al., 2006 , Paquet et al., 2011 . Due to the inability of capture fisheries to meet the rising demands for Pacific salmon consumption, the culture of Chinook salmon is a promising solution to alleviate pressure from wild stocks. As a relatively undomesticated species, a deeper understanding of the Chinook salmon immune system is necessary to ensure successful aquaculture practices.
Viral pathogens present a formidable obstacle in aquaculture due to their rapid replication rate and persistence in the environment (Oidtmann et al., 2017) . As every milliliter of seawater contains roughly 10 7 viral particles (reviewed in Suttle, 2005) , interaction with these microorganisms is unavoidable and can be detrimental in aquaculture environments. Fortunately, vertebrates have developed an arsenal of pattern recognition receptors (PRRs) designed to recognize and initiate appropriate responses to viral pathogen associated molecular patterns (PAMPs). One such PAMP, double-stranded (ds) RNA, is produced by all viruses at some point during their lifecycle (Jacobs and Langland, 1996; DeWitte-Orr and Mossman, 2010) . In response, fish and other vertebrates have evolved several nucleic acid binding PRRs including toll-like receptors (TLRs), RIG-I receptors (RLRs) and class A scavenger receptors (SR-As) to sense dsRNA (reviewed by Poynter et al., 2015a) . Binding of dsRNA initiates a signal cascade culminating in the production of type I interferons (IFNs), such as IFN1 in fish, that can induce the expression of interferon-stimulated genes (ISGs) in both a paracrine and autocrine fashion. Many of the resulting ISGs are responsible for interfering with, and rendering host cells non-permissive to, viral infection often referred to as an "antiviral state" (Zhang and Gui, 2012) . In fish, significant antiviral activity has been demonstrated for several ISGs including Vig3 (known in mammals as ISG15) and Mx1, but there is still limited information regarding their functional mechanisms (Poynter and DeWitte-Orr, 2016) . As antiviral immune responses may vary depending on the host species (Heil et al., 2004; Kuzmann et al., 2017) , appropriate model systems are required to https://doi.org/10.1016/j.dci.2018.08.010 Received 18 June 2018; Received in revised form 13 August 2018; Accepted 13 August 2018 further our understanding of viral pathogens and antiviral responses in aquatic species. Eukaryotic cell lines offer a controlled, cost-effective method to explore antiviral immune function within a single-cell monoculture. Currently, the only cell line available for the study of Chinook salmon is CHSE-214, an embryonic epithelial-like cell line. CHSE-214 is commonly used in comparative virology due to its permissibility in supporting propagation of aquatic viruses (MacDonald and Kennedy, 1979) . Interestingly, these cells are incapable of mounting an effective antiviral response when exposed to extracellular dsRNA (Jensen et al., 2002b) . When CHSE-214 is transfected with the synthetic dsRNA, polyinosinic:polycytidylic acid (pIC) the innate antiviral IFN response is intact (Jensen et al., 2002b; Monjo et al., 2017) , revealing the intracellular signaling pathways are not defective. CHSE-214 cells appear to lack surface receptors for dsRNA as the cells do not bind to extracellular dsRNA, however when a human dsRNA receptor, SR-AI, is expressed in the cells it enables binding capabilities (Monjo et al., 2017) . This apparent absence of cell-surface receptors that can uptake dsRNA makes CHSE-214 an excellent model for transfection studies to understand dsRNA sensing. However, as most fish cells can sense extracellular dsRNA, a more biologically equivalent Chinook salmon cell line that uptakes extracellular dsRNA without transfection is desirable.
The present study describes the establishment and characterization of CHSS, an epithelial-like cell line derived from the spleen of a triploid Chinook salmon. Although CHSS presents a diploid phenotype, its creation provides a valuable tool for understanding the innate antiviral immune response in Chinook salmon. Following exposure studies to pIC, CHSS was observed to both take up and subsequently respond to extracellular dsRNA. As CHSS is the only known cell line created from an adult Chinook salmon, these cells are much more relevant for understanding species specific aspects of immunity, physiology, and cellular function.
Materials and methods

Primary cultures
A 200 g Chinook salmon was retrieved from a net-pen containing a 99-100% triploid population, based on the rate at which maturation was Impaired (John Heath, personal comm.) , that was produced and maintained at Yellow Island Aquaculture Ltd (YIAL, Quadra Island, BC, Canada). The fish was euthanized with an overdose of clove oil prior to tissue collection. All procedures were performed following the guidelines of the Animal Care Committee at the University of Waterloo. The spleen, caudal fin and gills were collected and stored in L-15 media supplemented with 20% fetal bovine serum (FBS, Gibco) and 200 U/mL of penicillin and 200 U/mL streptomycin (Thermo Scientific). Upon arrival to the University of Waterloo, each tissue type was diced into small pieces in a laminar flow hood and rinsed three times with Dulbecco's buffered saline solution (DPBS, Lonza) containing the same antibiotics as noted above. Tissue pieces were then transferred to 25 cm 2 flasks (BD Falcon) where approximately 1-2 mL of L-15 supplemented with 20% FBS and the previously described antibiotic concentrations. Primary cultures were established by the explant outgrowth method as previously demonstrated with walleye spleens and fins (Vo et al., 2015a,b; . Flasks were then incubated at 18°C with media changes occurring every 2-3 days. Only the primary adherent cells from the spleen were able to outgrow and eventually developed into the CHSS cell line.
Maintenance of cell cultures
CHSS was routinely grown in L-15 supplemented with 20% FBS at 18°C. Following the first passage, CHSS was subcultured at a 1:2 ratio on a weekly or bi-weekly basis using trypsin (Lonza). CHSS has been maintained for over two years and has undergone over 25 passages. The embryonic Chinook salmon cell line, CHSE-214 was used in this study for comparison. CHSE-214 was routinely grown in L-15 supplemented with 10% FBS at 18°C and was subcultured at a 1:3 ratio every 1-2 weeks using trypsin.
Cryopreservation of CHSS
Approximately 3 × 10 6 CHSS cells at multiple passages were cryogenically frozen in L-15 containing 20% FBS and 10% dimethyl sulphoxide (DMSO, Sigma). Cells were initially frozen at −60°C overnight and subsequently immersed in liquid nitrogen (−196°C) for long-term storage. To determine cell viability upon thawing, a trypan blue (Sigma) exclusion test was performed using a haemocytometer under a phase contrast microscope (Leica).
Optimal growth conditions of CHSS
Optimal temperature of growth for CHSS was analyzed between 4 and 26°C. CHSS cells were seeded into nine 6-well plates (Fisher Scientific) at a concentration of 2 × 10 5 cells/well and incubated overnight at 18°C. Three wells of one plate were used to provide the day 0 cell counts. Two 6-well plates were incubated at each of the four temperatures studied (4, 14, 18 and 26°C) for 2 weeks. On days 3, 7, 10 and 14, triplicate wells from each temperature were washed with 1 mL of DPBS and cells were dissociated using 300 μL of trypsin (Gibco). Cell counts for each well were determined using a hemocytometer under a phase contrast microscope (Leica). Cell counts for each time interval were averaged and calculated as a percentage of the day 0 growth to determine the percent growth.
To determine the optimal FBS concentration for maintenance of CHSS, nine 6-well plates were seeded with cells as described above. Following overnight adherence at 18°C, media was removed from all plates and two 6-well plates received 2 mL of either 5% FBS, 10% FBS, 15% FBS or 20% FBS media. Plates were then returned to the 18°C incubator. On days 3, 7, 10 and 14, triplicate wells from each FBS concentration were washed with 1 mL of DPBS so that cells could be dissociated and counted as described above. Statistical analysis for both optimum temperature and FBS concentration was conducted using a two-way ANOVA and Tukey's post-hoc test through the GraphPad Prism software (v7.0, GraphPad Software, Inc. USA).
Determining ploidy of CHSE-214 and CHSS
Although CHSS was believed to be created from triploid fish tissue, it was necessary to confirm this assumption through flow cytometric analysis. As a positive control for the diploid karyotype, the ploidy of CHSE-214 (McCain, 1970) was also examined. All cells analyzed were grown to 60% confluency and a media change was performed two days prior to flow cytometric analysis. Single cell suspensions were prepared in 500 μL of DPBS following cell detachment by trypsin-EDTA and two rinses with ice-cold DPBS. Seven milliliters of ice-cold 70% ethanol was used as a fixative and added drop-wise to the cell suspensions while simultaneously vortexing. Fixation was incubated at 4°C for 30 min. Fixed cells were pelleted at 800 g for 5 min, rinsed once with 5 mL of ice-cold PBS and resuspended in 500 μL of 50 μg/mL RNAse A at 37°C for 15 min (as performed by Rieger and Barreda, 2016) . All contents were transferred to individual 5-mL BD Falcon polystyrene roundbottom test tubes and were then brought to a final volume of 1 mL with ice-cold DPBS. Twenty microliters of 1 mg/mL propidium iodide (Invitrogen) was added to the cell suspensions and incubated at 37°C for 15 min. DNA content assessment was performed with the FACSAria Fusion Cell Sorter with an integrated 3-laser and 9-color detection unit (BD Biosciences). Data analysis was completed using the FlowJo ® software (https://www.flowjo.com).
S.L. Semple et al. Developmental and Comparative Immunology 89 (2018) 93-101 2.6. Genetic analyses 2.6.1. Validating species of origin Genomic DNA was extracted from CHSS cell pellets using the DNeasy Blood and Tissue Kit (Qiagen) as described by the manufacturer. To validate the origin of the CHSS cells, primers were designed to amplify a segment of the Chinook salmon mitochondrial cytochrome c oxidase subunit (cox1, Table 1 ). The PCR parameters used were as follows: a 5-min denaturation step (95°C), followed by 35 cycles of a 30-s denaturation step (95°C), a 30-s annealing step (52°C) and a 30-s extension step (72°C), followed by a final extension of 5 min. The PCR product was then run on a 1.5% agarose gel with 1× GelGreen (Biotium). Bands of the desired size were cut out of the gel and extracted using the QIAquick Gel extraction kit (Qiagen). The resultant fragments were cloned into pGEM ® -T Easy plasmids (Promega Corporation) and transformed as previously described by Semple et al. (2018) . Five colonies per PCR reaction were selected and grown in LB medium. Plasmids were extracted from the transformants using the GenElute Plasmid Miniprep Kit (Millipore Sigma) according to the manufacturer's instructions. Plasmids were sequenced using SP6 primers at the TCAG sequencing facility (Sick Kids Hospital, Toronto, Ont.). The sequences were analyzed using the Basic Local Alignment Search Tool (BLAST) software (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Microsatellite analysis
Because CHSS was observed to have a similar morphology to the long-term CHSE-214 cell line, microsatellite analysis was used to confirm that these cell cultures originated from separate individuals. Genomic DNA was extracted from both CHSS and CHSE-214 cell pellets as described above. Individual genotypes were determined through PCR at 10 previously described microsatellite loci, specifically Oneu8, Oneu14 (Scribner et al., 1996) , Omm1135 (Rexroad et al., 2001 ), Omy325 (O'Connell et al., 1997 , OtsG432, OtsG474 (Williamson et al., 2002) , Ots1, Ots4 (Banks et al., 1999) , Ogo4 (Olsen et al., 1998) and Ssa85 (O'Reilly et al., 1996) . PCR conditions included: a 5-min denaturation step (94°C), followed by 30 cycles of a 20-s denaturation step (94°C), a 20-s annealing step (64.6°C -Ssa85, Omy325, Ots4; 63.5°C -Oneu8, Ogo4; 54.3°C -Oneu3; 58.3°C -Omm1135, Ots1; 60.2°C -OtsG474, OtsG432) and a 30-s extension step (72°C), followed by a final extension of 3 min. All PCR reactions yielded single band products which were then excised and gel-extracted as described above. Subsequent cloning and sequencing of at least 10 clones per loci for each cell culture was completed as described above.
MH class I genotyping of CHSS and CHSE-214
Primers and PCR conditions as described by Lehnert et al. (2016) were used to determine the MH class I genotypes of CHSS and CHSE-214. The primers selected ensured amplification of the peptide binding groove at the α1 domain in Chinook salmon. Two PCR reactions were performed per cell line and at least 26 clones from each PCR reaction were sequenced. PCR product purification, cloning and subsequent sequencing was conducted as described above. The resultant allele sequences were aligned using Clustal Omega (www.ebi.ac.uk/Tools/msa/ clustalo/).
2.7. Assessing the antiviral response of CHSS following stimulation with dsRNA 2.7.1. Effect of poly I:C on the viability of CHSS To confirm that pIC does not influence the survival of CHSS, a viability assay using Alamar Blue was conducted. Cells were plated in 24-well plates at a density of 1 × 10 5 cells/well and allowed to adhere overnight. The following day, media was removed from all wells and, in replicate wells of four, was replaced with 20% FBS media containing either 1 μg/mL, 10 μg/mL or 100 μg/mL of pIC (Sigma Aldrich, P1530). pIC from Sigma Aldrich is heterogenous in length but we have previously shown that it had an average size of 500 bp . Four wells received 20% FBS media alone to represent the no pIC control. After 24 h, media was removed from the sample wells and 400 μL of Alamar Blue (Invitrogen) working solution (PBS with 5% Alamar Blue) was added to each well. The 24-well plate was incubated in the dark at RT for 1 h and the fluorescence of each well was measured with an excitation of 520 nm and an emission at 590 nm using the Synergy H1 Hybrid Multi-Mode Reader (BioTek). The relative fluorescence units (RFUs) were used to determine the viability of the cells.
dsRNA-induced expression of antiviral genes by quantitative realtime RT-PCR (qRT-PCR)
In 6-well tissue culture plates, CHSS was seeded at 1.45 × 10 6 cells/ well. The cells were exposed to 1 or 10 μg/mL pIC in 2 mL of L-15 with 2% FBS. Negative control cultures received no pIC. Trypsin-EDTA was used to collect cells at 3 h and 6 h after pIC exposure and cell pellets were frozen at −80°C. Total RNA was extraction and cDNA synthesis was completed as described above. All cDNA samples were diluted 1:10 prior to qRT-PCR measurement. The primers for salmonid IFN1, Mx1 and Vig3 used for qRT-PCR were previously validated for CHSE-214 cells as described recently by our group (see Table 1 ). All qRT-PCR reactions contained: 2.5 μL of 1:10 diluted cDNA, 5 μL of LightCycler ® SYBR ® Green Master Mix (Roche), 2.5 μL of 0.2 μM forward and 0.2 μM reverse primers. qRT-PCR was run using the LightCycler ® 480 Instrument II and LightCycler ® 840 SW 1.5.1 analysis software (Roche). The thermocycling program was 95°C for 10 min, 40 cycles of 95°C for 10 s, 55°C for 5 s and 72°C for 8 s, followed by 60°C for 10 min. Controls containing RNA alone were included for each plate to account for possible contaminating genomic DNA. Data was acquired using the ΔΔCt method. Relative gene expression was normalized to the reference gene (β-actin) and expressed as fold change with respect to the control group. Three independent experiments were performed. Statistical analysis was conducted using a two-way ANOVA through the GraphPad Prism software (v7.0, GraphPad Software, Inc. USA).
Effect of blocking SR-A ligand binding on extracellular dsRNAinduced IFN and ISG expression
Polyinosinic acid (pI) is a well-characterized SR-A competitive ligand while polycytidylic acid (pC) is its SR-A non-competitive ligand counterpart. Because both pI and pC are nucleic acids like pIC, they were used in this experiment. In 6-well tissue culture plates CHSS was seeded at 1.5 × 10 6 cells/well. The cells were pre-treated with 250 μg/ mL pI or pC (Sigma Aldrich, P4154 and P4903 respectively) for 30 min. Semple et al. Developmental and Comparative Immunology 89 (2018) 93-101 Poly IC was then directly dosed into the wells so that the its final concentration was 1 μg/mL and cultures were incubated for 3 h prior to RNA extraction and qRT-PCR as previously described. There were four controls: negative control received no exogenous nucleic acid additive, one control received only pI, one culture received only pC, and the last control received pIC. Three independent experiments were performed. Statistical analysis was conducted using a two-way ANOVA through the GraphPad Prism software (v7.0, GraphPad Software, Inc. USA).
2.7.4. Cell associated dsRNA assay and epifluorescence microscopy pIC was fluorescently labeled with Alexa Fluor™ 488 using the Ulysis™ nucleic acid labeling technology (Thermo Fisher Scientific). Excess unbound Alexa Fluor™ 488 dye was removed using the Micro Bio-Spin™ P-30 Gel Columns (BioRad). Fluorescently labeled pIC was diluted in the growth medium at 50 μg/mL and added into a 4-chamber cell culture slide (BD Falcon) where 2 × 10 5 CHSS cells had been previously seeded per well. Control cultures received the same growth medium but without Alexa Fluor™ 488 labeled poly IC. After 1 h incubation at 21°C, cells were washed three times with PBS, fixed with 3.7% formaldehyde for 15 min, rehydrated with one wash of PBS and air-dry for 10 min. The slide was mounted on the DAPI-containing Fluoroshield medium (Sigma Aldrich). Epifluorescence was visualized with the Nikon Eclipse TieS fluorescence microscope; fluorescence images were acquired and analyzed with the NIS-Elements software.
Presence of class A scavenger receptor (SR-A) transcripts in CHSE-214 and CHSS
RNA was extracted from CHSS and CHSE-214 cell pellets containing 1.5-3 × 10 6 cells using the RNeasy Mini Kit (Qiagen) and subsequently treated with DNase I (Thermo Scientific) as described by the manufacturers. The Synergy H1 Hybrid Multi-Mode Reader and the Gen5™ Data Analysis software (BioTek) were used to acquire RNA concentrations on the Take3™ Micro-volume plate (BioTek) and to check RNA purity. Complementary DNA (cDNA) was then synthesized from 500 ng of RNA using a qScript cDNA SuperMix (Quantabio) as described by the manufacturer. PCR reactions were subsequently used to amplify scavenger receptor sequences from cDNA. Reactions contained 1× Phusion HighFidelity master mix (Fisher Scientific), 0.5 μM forward primer, 0.5 μM reverse primer (presented in Table 1 ), 2 μL of cDNA, and up to 40 μL with molecular biology grade water. Reactions were run in a Bio-Rad T100 thermal cycler (Bio-Rad) using the following conditions: 98°C 30-s, 34 cycles of 98°C 10-s, T a (see Table 1 ) 10-s, 72°C 30-s followed by 72°C for 5-min. Reactions were run on a 1% w/v agarose gel in TAE buffer and products were isolated and purified using the GenepHlow Gel/PCR Kit (FroggaBio). Products were sequenced at the University of Guelph Genomics Facility Advanced Analysis Centre (Guelph, ON). Sequences were compared to the known corresponding rainbow trout sequences using EMBOSS Needle sequence pairwise alignment.
Results and discussion
Development and characterization of the CHSS cell line
In the present study, CHSS, an epithelial-like cell line derived from the spleen of a Chinook salmon, was developed and its capacity to respond to extracellular dsRNA was assessed. Initially, cellular outgrowth from the spleen tissue was very slow with cells presenting a fibroblasticlike morphology (Fig. 1A) . Repeated episodes of cellular deterioration occurred in primary cultures initiated from the tissue explants. After one year in culture, progeny cells started to proliferate in patches of colonies in the flask (Fig. 1B) . Early subcultures by trypsin still resulted in significant loss in adherent cells. Survivor cells presented two consistent cellular morphologies, epithelial-like and fibroblastic-like (Fig. 1C) . Following subsequent passages, the epithelial-like morphology became predominant and gave rise to the CHSS cell line (Fig. 1D) . CHSS has been maintained in culture for over two years and has undergone over 25 passages.
Once established, it is essential to determine the optimal growth conditions of novel cell lines to ensure that both preliminary and future studies are completed reproducibly. CHSS displayed the highest growth rate at 14 and 18°C with no significant differences between these two temperatures ( Fig. 2A) . The doubling times for the optimal temperatures of 18°C and 14°C were 92.4 h and 97.6 h respectfully. Depending on geographical origin, adult Chinook salmon are reported to have a preferred temperature range between 12 and 15°C (Bell, 1986; Richter and Kolmes, 2005) but optimal growth of this species is seen at 15-19°d epending on feeding rates (Brett et al., 1982; Marine, 1997) . As CHSS was derived from an adult Chinook salmon, an optimal growth temperature of 14-18°C fits within the anticipated thermal optimum for this species as well as with other relevant in vitro models.
When characterizing media supplementation and long-term storage, CHSS displayed the greatest proliferation in L-15 media supplemented with 20% FBS at 18°C (Fig. 2B) . As there was no significant difference in cell growth for the first week between 20% and 15% FBS, growing CHSS at the lower FBS concentration would be a cost-effective alternative pending consistent passaging of the culture. The doubling times for the optimal FBS concentrations of 20% and 15% were 101.9 h and 123.8 h respectfully. CHSS was also able to withstand cryogenic storage presenting on average 75% viability upon thawing (data not shown). Thus, it appears that CHSS can thrive long-term in an in vitro culture system and as such can be used as a Chinook salmon cellular model.
Ploidy analysis of CHSS
CHSS originated from a Chinook salmon selected from a 99-100% triploid population. Despite this, flow cytometric analysis suggested that CHSS was not triploid and contained a similar DNA content to that of the nearly diploid cell line CHSE-214 (previously shown by Philippon-Fried in 1979) (Fig. 3) . This reflects an unpredictable and unavoidable phenomenon observed in rapidly growing cell lines where genomic rearrangements and chromosome instability occurs (Vcelar et al., 2018) . It is unclear why CHSS cells did not retain triploidy in culture. There might be a very minute chance that the fish that gave rise S.L. Semple et al. Developmental and Comparative Immunology 89 (2018) 93-101 to CHSS was in the 1% percentile diploid of the 99-100% triploid population. But the fish had a growth pattern and biology of a typical triploid Chinook salmon. A possible explanation for the extensive chromosome loss could be due to the consequence of repeated cycles of cell growth and death observed during the early passages of CHSS. This process may have selected for the survival of cells that successfully underwent unequal mitosis, prophase chromosome reduction or reductional grouping to produce a stable karyotype, similarly to what has been described in other eukaryotic cell cultures (Nuti et al., 1992 , Gerstein et al., 2008 . As this would take many replication cycles, this could also explain the extended time required to establish CHSS. Even though a large number of salmonid cell lines have been successfully developed in the past five decades, none of them are triploid Following overnight adherence, triplicate wells received media supplemented with either 5%, 10%, 15% or 20% FBS and were then counted on days 3, 7, 10 and 14. For both experiments, percent growth was calculated with respect to the average day 0 cell count. All cell counts were done in triplicate and are represented as means ± SD. Fig. 3 . Ploidy analysis of Chinook salmon cells. After permeabilizing the cells with 70% ethanol and treatment with RNase A, both cell types were exposed to 1 mg/ mL of propidium iodide before assessing the DNA content of CHSE-214 (A) and CHSS (B) individually using flow cytometry. The data represents the results of three independent experiments. S.L. Semple et al. Developmental and Comparative Immunology 89 (2018) 93-101 cell lines or described as from triploid fish. This feat has been accomplished in two other teleostean species, the oriental weather loach (Misgurnus anguillicaudatus) (Li et al., 2015) and the olive flounder (Paralichthys olivaceus) (Peng et al., 2016) . The original research regarding the establishment of these cell lines does not discuss any developmental issues comparable to what was experienced during the early passages of CHSS. This discrepancy could be related to differences in the species, their genome size and their cells' capacity to maintain genomic stability in vitro. This topic will be explored in more detail in the future.
Validating the origin of CHSS
The species identity of CHSS was determined through amplification and sequencing of the housekeeping gene, cox1. Using BLAST, the cox1 sequences from CHSS were searched and the resulting closest significant sequences with the highest query cover on Genbank were Chinook salmon (accession numbers: JX960927.1, HQ167683.1, AF392054.1 and KX958414.1), providing evidence that CHSS originated from this species (Table 2) . To our knowledge, the only other available cell line developed from Chinook salmon is the embryonic CHSE-214 (McCain, 1970) , or variants of this cell line (Nakano et al., 1993; Collet and Lester, 2011) . Through, microsatellite analysis CHSS and CHSE-214 were confirmed to be genetically distinct (Table 3) . For all 10 of the Chinook salmon microsatellite loci assessed, CHSE-214 and CHSS presented different genotypes. Thus, CHSS is currently the only Chinook salmon cell line developed from both a secondary immune organ, the spleen, and from an individual at a higher developmental age.
For further confirmation of the individual origin of CHSS and CHSE-214, both were genotyped for MH class Iα. Each cell line presented entirely different genotypes for MH class I, but both were homozygous for their respective alleles. Following a BLAST search, the alleles of CHSS and CHSE-214 were observed to have 100% identity to GenBank Chinook salmon MH class I sequences, DQ647923.1 and GU989265.1 respectively. When the individual alleles were aligned (Fig. 4) , there was a surprising difference of 14 nucleotides between the two with a string of 6 nucleotides completely absent in CHSE-214 that were present in CHSS. This would result in a size reduction of 2 amino acids for CHSE-214 when compared to CHSS. Because both alleles have been reported in Chinook salmon populations (Ching et al., 2010; Evans et al., 2010) , they appear to be true alleles.
CHSS can bind dsRNA
To initiate a successful antiviral immune response, cells must first be able to recognize and bind to typical viral PAMPs. When CHSS was exposed to fluorescently labeled pIC, epifluorescence microscopy displayed that the cells were able to successfully bind the dsRNA molecules (Fig. 5) . The staining pattern suggests that dsRNA binding could be plasma membrane-bound, cytosol, and/or endosomal, depending on each examined individual cell. This is the first time this ability has been shown within Chinook salmon cells as CHSE-214 is incapable of dsRNA uptake without transient overexpression of appropriate cell-surface receptors (Jensen et al., 2002b; Monjo et al., 2017) . Although there are several examples of other salmonid cell lines capable of binding to extracellular dsRNA (Poynter et al., 2015b) , CHSE-214 cannot, highlighting a clear defect in these cells. However, as CHSE-214 was the only Chinook salmon cell line, it was unclear whether the defect was cell line or species specific. As such, CHSS provides an important tool to study functional extracellular dsRNA sensing in Chinook salmon. Fig. 4 . Sequence alignment of CHSS and CHSE-214 MH class I (MHI) α1 alleles. To limit PCR artefacts, MHI sequences for both cell cultures were determined using two individual PCR reactions with 25 clones from each PCR reaction sequenced. Only those alleles that were observed in both PCR reactions were considered true MHI alleles. The primers used amplify the peptide binding groove of the MHI α1 domain. (Field et al., 1967) . As such, pIC was used to determine the ability of CHSS to produce IFN1 and ISG transcripts in response to extracellular dsRNA. When exposed to varying concentrations of extracellular poly IC, CHSS survival was not influenced by 1, 10 or 100 μg/mL (Fig. 6A) . However, upon exposure to 1 and 10 μg/mL of pIC, CHSS was shown to significantly increase transcript expression of IFN1 at both 3 h and 6 h post-exposure in a dose-dependent manner Fig. 6 . The impact of pIC on CHSS viability and transcript expression of IFN and ISGs. (A) An Alamar Blue assay was used to determine the survival of CHSS following 24 h and 48 h exposure to pIC at concentrations of 0, 1, 10 and 100 μg/mL (B-D) CHSS was treated with pIC at concentrations of 0, 1 or 10 μg/mL and cells were collected at 3 h and 6 h post-exposure. Following RNA extraction and cDNA synthesis, transcript levels of IFN1 (B) and two ISG transcripts, Mx1 (C) and Vig3 (D) were measured via qRT-PCR. (E-F) After 30 min of pre-treatment with 250 μg/mL of the SR-A competitive and non-competitive ligands, pI and pC respectively, CHSS was exposed to 1 μg/mL of pIC for 3 h and cells were collected. Following RNA extraction and cDNA synthesis, transcript levels of IFN1 (E) and Vig3 (F) were measured using qRT-PCR. All panels represent three independent experiments and are presented as means ± SEM. Semple et al. Developmental and Comparative Immunology 89 (2018) 93-101 ( Fig. 6B) . Meanwhile, the ISGs Mx1 and Vig3 also displayed a dosedependent up-regulation primarily at 6 h ( Fig. 6C and D) . This pIC induced transcript upregulation has been observed in numerous salmonid cell lines (Nygaard et al., 2000; Jensen et al., 2002a; DeWitte-Orr et al., 2007) but interestingly cannot be observed in CHSE-214 without transfection of the synthetic dsRNA (MacDonald and Kennedy, 1979; Jensen et al., 2002b) . Because transfection would bypass appropriate receptor binding and uptake, it has been hypothesized that CHSE-214 has a defect somewhere in this mechanism. As CHSS does respond to extracellular dsRNA, the source of the abnormality in CHSE-214 is likely functional in CHSS. Class A scavenger receptors (SR-A) are integral membrane proteins that mediate dsRNA entry into cells, making them prime candidates for understanding cellular responses to extracellular dsRNA. In mammals, SRAs do not play a role in signaling but rather serve as carrier molecules to deliver extracellular dsRNA to innate antiviral signaling pathways (Nellimaria et al., 2015) . SRA receptors can be found on a variety of cell types including those with the epithelial morphology that CHSE-214 and CHSS both present (Limmon et al., 2008; Whelan et al., 2012) . To validate whether SR-As were responsible for pIC binding and thus enabling the subsequent type I IFN response observed in CHSS (Fig. 6B-D) , a blocking experiment was performed using known scavenger receptor (SR) competitive and non-competitive ligands. CHSS cells were treated with SR-A competitive or their non-competitive counterpart prior to pIC challenge; after which transcript expression of IFN1 and Vig3 was measured. CHSS cells treated with the SR-A ligand pI followed by pIC were not able to induce IFN or vig-3; however, those treated with the non-competitive ligand, pC, could express IFN1 and Vig3 transcript levels identical to when CHSS was exposed to pIC alone ( Fig. 6E and F) . These results confirm that CHSS binds and responds to extracellular dsRNA via SR-As. As SR-As are not.
CHSS and CHSE-214 express SCARA3, SCARA4 and SCARA5 transcripts
As outlined above, CHSS appears to have a fully functional response to extracellular dsRNA, while CHSE-214 has an unknown impairment in dsRNA binding and uptake. Because SR-As have been shown to mediate dsRNA binding in murine and human fibroblasts (DeWitte-Orr et al., 2010) , the presence of three SR-A transcripts, SCARA3, SCARA4 and SCARA5, was tested in CHSE-214 and CHSS using primers derived from rainbow trout sequences (Poynter et al., 2018) . Interestingly, despite their functional differences, both CHSS and CHSE-214 produced amplicons for all three of the SR-As analyzed. Upon sequencing, the successful amplicons were all found to have very high similarity to the expected sequences in rainbow trout (Table 4) . These results suggest that, at least at the transcript level, CHSE-214 expresses transcripts for SR-As. This, however, does not mean that these transcripts all produce functional proteins, but the identification of full-length SR-A sequences and the development of Chinook salmon specific antibodies would be required to explore this further. Alternatively, as currently the specific SR-A or SR-As that are responsible for binding dsRNA in fish remain unknown, it is possible that dsRNA may not be a ligand for the three surveyed SR-As. More research is required to fully explore teleostean SR-A function.
A major difference between CHSS and CHSE-214 is the developmental stage of the fish used to create each cell line. As CHSE-214 was established from embryonic Chinook salmon tissue, it is possible that the receptors required to bind and internalize dsRNA or downstream signaling mechanisms were not fully developed at this life stage. When studying the immune response of rainbow trout to live pathogens throughout development, Castro et al. (2015) observed that a marked interferon response to VHSV infection was only observed after the first feeding and not during earlier life stages. This could be a protective mechanism for developing organisms as antiviral immune responses can induce cell death to prevent the replication and spread of the pathogen. This trend is not observed in fish models alone as mouse embryonic stem cells (mESCs) also displayed an underdeveloped type I interferon response following exposure to viral pathogens and pIC (Wang et al., 2013) . For aquatic organisms, given the high prevalence of viral particles in aquatic systems, it may be that a lack of extracellular dsRNA receptors at earlier life stages will prevent the unnecessary immune system activation and resulting cell death during critical times of development.
Conclusions
CHSS is a valuable tool for understanding the cellular physiology and, as described in this study, the immune function of Chinook salmon. The results presented here display that when developed from an adult individual, Chinook salmon cells are capable of binding and subsequently responding to extracellular dsRNA, something that the embryonic CHSE-214 cell line is incapable of. The innate immune response initiated in CHSS appears to be due to SR-A binding as blocking of these receptors abolishes the immune response at the transcript level. Both CHSS and CHSE-214 displayed transcripts for SCARA3, SCARA4 and SCARA5 thus, it appears that further study is required before understanding what is causing the dsRNA binding deficiency in CHSE-214. When it comes to future questions regarding Chinook salmon immunity and cellular function, a cell line established from an adult fish, such as CHSS, provides a vastly improved model system.
